Introns in mRNA leaders are common in complex eukaryotes, but often overlooked. These introns are spliced out before translation, leaving exon-exon junctions in the mRNA leaders (leader EEJs). Our multi-omic approach shows that the number of leader EEJs inversely correlates with the main protein translation, as does the number of upstream open reading frames (uORFs). Across the five species studied, the lowest levels of translation were observed for mRNAs with both leader EEJs and uORFs (29%). This class of mRNAs also have ribosome footprints on uORFs, with strong triplet periodicity indicating uORF translation. Furthermore, the positions of both leader EEJ and uORF are conserved between human and mouse. Thus, the uORF, in combination with leader EEJ predicts lower expression for nearly onethird of eukaryotic proteins.
INTRODUCTION
The presence of introns is a hallmark of eukaryotic genes. Most eukaryotic genes contain introns, but their numbers vary widely by gene and species (1, 2) . Higher eukaryotes have an average of 8.8 introns per gene (3) . A number of functional roles have been proposed for introns (4) (5) (6) . However, only some of these roles are well-understood. For example, multi-exon gene structures allow alternative splicing, which produces messenger RNA (mRNA) and protein isoforms with differing roles (7) . The diverse functions of introns are reviewed in detail elsewhere (4) (5) (6) .
Intron position is important for many transcripts. While most introns are located within the CDS (coding sequence of the main open reading frame, mORF), it is well established that some specific introns in the mRNA leader (5 untranslated regions, 5 UTRs) enhance gene expression in animals and plants (4, 8, 9) . For example, the maize Ubi1 intron enhances expression (10) . These 5 UTR introns contain elements that enhance gene expression, at least in part, by promoting transcription and nuclear export (9, 10) . In addition, some constructs have been engineered to contain a single intron in the mRNA leaders, such as the commercial Promega pGL3 expression vectors. In contrast, introns in the 3 UTRs can reduce expression through nonsense-mediated mRNA decay (NMD) (11) (12) (13) .
The mRNA leaders of a third to half of eukaryotic mRNAs contain upstream AUGs (uAUGs) and upstream ORFs (uORFs) (14) . Some uORFs are wellcharacterized and known to have a regulatory role and/or encode functional peptides (12, 15) . A recently developed technique--ribosome profiling (Ribo-seq)--has been used to study uORFs because it provides unprecedented detail of genome-wide translation events (16, 17) . This technique is based on RNA shotgun sequencing (RNA-seq) that identifies the positions of the ribosomes on an mRNA. It has been used successfully in a range of species (18) . Translation of an ORF can be inferred from Ribo-seq data, including uORF translation (19) (20) (21) (22) (23) .
Several features of the mRNA leader are well-known to affect translation, such as (i) the presence of uORFs and (ii) RNA structures, and (iii) the length of the mRNA leader, and (iv) the sequence context around the translation initiation codon (12, 15) . However, the relationships between 5 UTR introns (exon-exon or splice junctions at the mRNA leaders, termed leader EEJs after intron removal) and mRNA translation have not been fully investigated. We therefore surveyed the positions of EEJs in human, mouse, zebrafish, fruit fly, and Arabidopsis thaliana and integrated genome-wide datasets from these model organisms to explore new roles of introns.
MATERIALS AND METHODS

Data and accession numbers
The mass spectra and RNA-seq datasets of this study are available on PRIDE (24) (PXD006661) and Gene Expression Omnibus (25) (GSE99697), respectively. Publicly available high-throughput sequencing and shotgun proteomic datasets used in this study are listed in Supplementary Table  S1 . The processed Ribo-seq and proteomic data are available in Supplementary Tables S2-S4 and S5, respectively.
Reference sequences and gene annotations
The reference sequences and GTF annotation files for human and mouse were retrieved from UCSC Genome Browser (hg19 and mm10) (26) and GENCODE (v19 and vM9) (27, 28) , unless otherwise mentioned. The reference sequences and annotations for zebrafish, fruit fly, and A. thaliana were retrieved from Ensembl 85 and Ensembl Plant 31 (29) .
Ribosomal RNA (rRNA) and transfer RNA (tRNA) sequences for human, mouse, zebrafish, fruit fly were obtained from GtRNAdb (release 30 January 2012) (30) . Small nucleolar RNA (snoRNA) sequences for human and mouse were obtained from snOPY (retrieved in March and June 2016, respectively) (31) . These sequences were combined with the noncoding RNA sequences obtained from Ensembl.
BED files of mRNA regions were obtained by parsing the GTF files with metagene-maker (32) . The BED files were further processed by BEDTools v2. 22 .0 (33) to obtain the positions of the mRNA leader exons (after removal of 5 UTR introns; Supplementary Table S6) .
uORF annotations
Mouse uORF annotation was obtained from previously annotated ORFs of mouse bone marrow-derived dendritic cells (BMDCs) (19) . The genomic locations were converted from mm9 to mm10 using Liftover (26) (Supplementary Table S7). Human uORFs were predicted from the Ribo-seq datasets of HeLa and HEK293 cells using RiboTaper v1.3 (20, 34, 35) (Supplementary Table S7 ).
Cell culture
All cell culture reagents were obtained from Invitrogen (CA, USA), unless otherwise mentioned. DNA profiling of HepG2 cells was done at DNA Diagnostics Limited (Auckland, New Zealand). Short tandem repeat loci tested  are D8S1179, D21S11, D7S820, CSF1PO, D3S1358, TH01,  D13S317, D16S539, D2S1338, D19S433, vWA, TPOX,  D18S51, D5S818 and FGA, and the gender specific locus amelogenin. The results were matched with the HepG2 cell line specifications at ATCC.
HepG2 cells were grown and maintained in Dulbecco's Modified Eagle Medium (DMEM; without sodium pyruvate) supplemented with 10% fetal bovine serum, and 1% antibiotic-antimycotic cocktail (streptomycin, amphotericin B and penicillin). When the cells had been maintained in an optimal growth rate for 2 weeks, the media was replaced with DMEM for SILAC (stable-isotope labeling by amino acids in cell culture) for three passages to deplete cellular Arg and Lys. This SILAC media was supplemented with 10% dialysed fetal bovine serum, and 0.01 mM of Arg and Lys.
The HepG2 cells acclimated to SILAC media were plated onto a T-25 culture flask at 1 × 10 5 cells per flask and grown overnight. The cells were then separately grown in the SILAC media supplemented with medium (0.5 mM of L-Arg- 13 C 6 , hydrochloride and L-Lys-13 C 4 , hydrochloride) and heavy amino acids (0.5 mM of L-Arg- 13 The HepG2 cells labeled with heavy and medium amino acids were exposed to 100 M of hemin (Sigma-Aldrich, MO, USA) and 200 M of deferoxamine (an iron chelator; Sigma-Aldrich, MO, USA). The cells were harvested after 6 h for RNA-seq and mass spectrometry analysis.
Mass spectrometry
The HepG2 cell counts were determined, and equal number of cells were lysed in RIPA buffer (500 l per 1 × 10 6 cells) on ice with shaking for 15-20 min. The lysate was centrifuged at 13 000 g for 20 min. Supernatants of medium and heavy protein lysate were mixed at equal volume and electrophoresed in a 10% NuPAGE Bis-Tris gel at 200 V in Nu-PAGE MOPS SDS Running Buffer (Invitrogen, CA, USA). The gel was stained in Coomassie staining solution.
The entire gel lane was sliced into 10 molecular weight fractions. Each fraction was subjected to in-gel tryptic digestion using a DigestPro liquid handling robotic workstation (Intavis, Germany). The protein digests were dried in a centrifugal concentrator and reconstituted in 5% (v/v) acetonitrile, 0.2% (v/v) formic acid in water. Each sample was then analyzed by nanoflow liquid chromatography coupled to LTQ-Orbitrap XL tandem mass spectrometry (Thermo Fisher Scientific, CA, USA).
The RAW output files were processed through Proteome Discoverer v1.4 (Thermo Fisher Scientific, CA, USA) using default settings. Peak lists were then searched against Human Ensembl 88 protein sequence database using the Sequest HT search engine in Proteome Discoverer. Dynamic modifications of carbamidomethyl (Cys), deamination (Asn), and oxidation (Met) were selected. Postprocessing false discovery rate estimation was done using the Percolator algorithm (36) . The charge-based Sequest XCorr was adjusted to ensure a false discovery rate of less than 1% on the peptide level. Only peptides assigned at high confidence to master proteins which were identified with two or more peptides were accepted. All peptides that passed the above filters were used for Intensity-Based Absolute Quantification (IBAQ) calculation using pythomics (37) .
RNA-seq
Total RNA was isolated using RNeasy Mini Kit (Qiagen, Germany). These samples were submitted to the Otago Genomics and Bioinformatics Facility at the University of Otago (Dunedin, New Zealand) under contract to the New Zealand Genomics Limited for library construction and sequencing. These samples were quality checked using Agilent Bioanalyzer (Agilent, CA, USA), with a threshold of RNA integrity >7. Those samples that passed the quality control were used for library construction. The libraries were prepared using TruSeq stranded mRNA sample preparation kit according to the manufacturer's protocol (Illumina, CA, USA). These libraries were assessed and quantified using Agilent Bioanalyzer (Agilent, CA, USA) and Qubit fluorometer (Invitrogen, CA, USA), respectively. The libraries were paired-end sequenced using HiSeq 2000 (Illumina, CA, USA), generating 2 × 100 nucleotide reads. The gene expression for pairs of replicates had a Spearman correlation of >0.9.
Ribo-seq and RNA-seq data analysis
Short read alignment was done using STAR 2.5.2b (38) . Replicates were combined unless otherwise stated. Only one mismatch was allowed. To remove nonribosomal footprints, reads were first aligned to noncoding RNAs (using parameter -outStd SAM -outReadsUnmapped Fastx -clip3pAdapterSeq {adapter sequence} -seedSearchLmax 10 -outFilterMultimapScoreRange 0 -outFilterMultimapNmax 255 -outFilterMismatchNmax 1 -outFilterIntronMotifs RemoveNoncanonical > /dev/null). All 3 end adapter sequences used in the Ribo-seq libraries analyzed are listed in Supplementary  Table S1 .
Unmapped reads were then aligned to genome (using parameter -clip3pAdapterSeq {adapter sequence} -seedSearchLmax 10 -outFilterMultimapScoreRange 0 -outFilterMultimapNmax 255 -outFilterMismatchNmax 1 -outFilterIntronMotifs RemoveNoncanonicaloutSAMtype BAM SortedByCoordinate). The aligned ribosome footprints were examined for triplet periodicity according to footprint size (read length) using RiboTaper v1.3 (20) . Those footprint sizes with good triplet periodicity were further examined to obtain the offset values for adjusting their read start position to ribosomal-A site using RibORF v0.1 (23) . This footprint read adjustment step also removed any remaining footprints that did not conform to the triplet periodicity.
In addition, unmapped reads were also aligned to protein coding transcripts (using parameter -clip3pAdapterSeq {adapter sequence} -seedSearchLmax 10 -outFilterMultimapScoreRange 0 -outFilterMultimapNmax 255 -outFilterMismatchNmax 1 -outFilterIntronMotifs RemoveNoncanonicaloutSAMtype BAM Unsorted -outSAMmode NoQS -outSAMattributes NH NM). The aligned RNA-seq reads were used for mRNA isoform quantification using Salmon v0.60 (39) . The aligned ribosome footprints were used for isoform level quantification using riboprof (Ribomap v1.2) (40), which was supported by the mRNA isoform abundance data, RNA-seq alignment and the offset values for the footprint read adjustment (above). This step assigned ribosome footprints uniquely to mRNA isoforms by prioritizing the frame 1 of a CDS, followed by the frames 2 and 3, and lastly the UTRs.
RNA folding prediction
For RNA structure prediction, mRNA leader sequences were extracted from genomic sequences using BEDTools v2.22.0 (33) . The Minimum Free Energy (MFE) of folding the mRNA leader sequences was predicted using RNAfold (41) and normalized to leader length. For RNA accessibility, the first 100 bases of the 5 end of mRNA sequences were extracted. Accessibility of these sequences was estimated using Localfold (42) and normalized to the length (100 bases).
Metagene analysis
The distributions of EEJs along the mRNAs were plotted using Guitar v1.11.9 (43) . Guitar produces metagene plot based on normalized lengths of the mRNA regions. Metagene ribosome profiles around the translation initiation and termination codons were plotted using RibORF v0.1 (23) . For splicing analysis, completed Splicing Index (coSI) was calculated using IPSA (https://github.com/ pervouchine/ipsa) (44) . For metagene analysis of MLN51, the aligned iCLIP (individual-nucleotide resolution UV crosslinking and immunoprecipitation) reads were 'hard clipped' using a custom shell script and converted to BED format using BEDTools v2.22.0 (33) . The center position of each processed iCLIP read was used as the RNA protein binding site rather than the read start position (45) .
Comparative genomic analysis
Genomic coordinates of the mRNA regions were converted to transcript level coordinates using TransDecoder v3.0.0 (46) . The relative positions of the leader EEJ and uAUG were determined. This data was mapped to human and mouse orthologous data downloaded from Ensembl Biomart (accessed in May 2016). To avoid ambiguity, only one-to-one orthologs that contain a single leader EEJ and/or uNUG were analyzed (Supplementary Table S8 ).
Statistical analysis
Welch two sample t-test, Fisher exact test, one-sided chisquare test and linear regression analysis were done using R v3.4.0 (47). Plots were constructed using ggplot2 (48) unless stated otherwise. The standardized regression coefficients of the linear regression models were plotted using sjPlot (49) . A significant threshold of P-value < 0.05 was used unless stated otherwise.
RESULTS AND DISCUSSION
Introns are common in the mRNA leaders of complex organisms
In this study, we focused on multicellular eukaryotes because unicellular eukaryotes can have strikingly varied intron densities. For example, only about 5% of genes in Saccharomyces cerevisiae have introns but other species have many introns (50) . The multicellular species chosen were human, mouse, zebrafish, fruit fly and A. thaliana. These five species have high quality gene annotations and the several types of genome-wide datasets required.
Firstly, the frequency and distribution of EEJs (the junctions between exons after intron removal) in the mRNAs were determined. Notably, EEJs are commonly present in the mRNA leaders ( Figure 1A and Supplementary Table  S6 ). In contrast to previous studies, our transcript-based analysis identified more leader EEJs in these species: for example, 24% in A. thaliana compared to 11% that we reported a decade ago (51) , and 53% in human compared to 38% (Mammalian Genome Consortium) (52), 35% (RefSeq) (53) and 28% (UTRdb in 2001) (54) in previous studies. This is likely due to different sources of annotations, and improvement of genome assembly and annotation over the years due to high-throughput sequencing.
As expected, most (79% or more) mRNAs of higher eukaryotes contain EEJs in the CDS ( Figure 1A ). As previously noted (51-54), EEJs are also less common in the 3 UTRs analyzed here (7-25%). These results suggest that EEJs are distributed towards the 5 end of the mRNAs. This is partly because of strong evolutionary pressure against introns in the 3 UTRs, which may trigger mRNA degradation via NMD pathway (11) (12) (13) .
To further investigate the distribution of EEJs, metagene plots were constructed to visualize the distributions of the first three EEJs along the mRNAs ( Figure 1B , left panel). Remarkably, the most frequent location of the first EEJs is just preceding the main translation initiation codon. These results are consistent with the metagene plots centered at the initiation codon ( Figure 1B , right panel).
Strikingly, these EEJ distribution patterns are similar across the five species examined. Based on this and previous studies on specific genes (4,8,9,51,55), we postulated that the juxtaposition of leader EEJ and initiation codon may be linked with the efficiency of translation.
mRNA leaders with EEJs have higher relative ribosome densities
To explore the possible link between the leader EEJs and mRNA translation, we first analyzed publicly available Ribo-seq datasets (and matched RNA-seq) for human (HeLa cells) (35) , mouse (liver tissue) (56), zebrafish (48 h embryo) (57), fruit fly (0-2 h embryo) (58), and A. thaliana (Columbia-0, 4 day old etiolated seedlings) (59) (Supplementary Table S1 ). These particular datasets have good quality metrics (e.g. triplet periodicity), good sequencing depth (at least 20 million transcript mapped footprints), and matched transcriptome (RNA-seq) datasets.
As Ribo-seq provides individual codon resolution of ribosome footprints (16, 17) , we compared the positions of translating ribosomes on the mRNAs with leader EEJs to those without. Firstly, in order to remove spurious signals, we filtered off the reads that mapped to noncoding RNAs including rRNAs, tRNAs and snoRNAs (Materials and Methods; Figure 2A , left panel).
Secondly, we analyzed the distribution of ribosome footprints showing high quality triplet periodicity with appropriate offsets to the ribosomal A-site (Figure 2A , right panel, and Supplementary Figure S10 , left panel). The number of ribosome footprints mapped to the mRNA leader and CDS of each mRNA were counted using Ribomap (40) (Supplementary Table S2 ). Ribomap was chosen because it is the only program that permits quantification of ribosome profiles at the mRNA isoform level (Materials and Methods). In particular, ribosome footprints were uniquely assigned to mRNA isoforms using relative abundance of mRNA isoforms obtained from the matched RNA-seq data. This approach prevents over-representation of rare transcripts. Only the transcripts with mRNA read counts >5, and ribosome footprint counts >5, on either the mRNA leader or CDS were included. We noted a relatively high number of ribosome footprints were mapped to sites Table S1 ). The read start positions of ribosome footprints were adjusted to ribosomal A-site, as shown in the metagene ribosome profiles of mouse mORFs (right panel). To avoid misassignment, ribosome footprints mapped to three bases upstream of the start codon (gray shading) were counted as CDS ribosomes (Supplementary Table S2 ). (B) Relative ribosome density of the mRNA leader to CDS (see equation in A). Fold difference of the median and the P-value from t-test are shown. The dotted line marks the ratio of one, when the density ratio of an mRNA is equal. CDS, coding sequence of the mORF; EEJ, exon-exon junction; mORF, main open reading frame; RPM, Reads Per Million mapped reads.
immediately preceding the initiation codon, in particular at the +2 positions (see green bars in Figure 2A , right panel, and Supplementary Figure S10 , left panel). To prevent misassignment of CDS ribosome footprints to the mRNA leaders, the ribosome footprints mapped to the three bases preceding the main initiation codons were also assigned as CDS ribosomes (Figure 2A, right panel) .
Next, the ribosome density of the mRNA leaders relative to CDS was calculated (Figure 2A, equation) . The ratios and values in Figure 2B and subsequent figures are presented on log 10 scales as these values have wide ranges. Remarkably, this density ratio was significantly higher in the mRNAs with leader EEJs than those without across the five species examined ( Figure 2B , Welch two sample t-test, P-values < 10 −82 ). They were over fourfold and threefold higher in human cells and mouse liver, respectively. These results suggest that the leader EEJs may be associated with how ribosomes translate the parts of the mRNAs.
More importantly, these findings motivated us to ask several more questions. (i) What is the relationship between the leader EEJ and translation? (ii) How does the leader EEJ compare to well-known features of mRNAs that affect translation, such as uAUG or RNA structure in the mRNA leader? (iii) How consistent is this observation across other 'omic' datasets particularly proteomics?
The frequency of the leader EEJs anti-correlates with translation
To explore the relationships between translation and the leader EEJ and the other mRNA features, we processed a total 15 publicly available Ribo-seq datasets using the isoform level quantification approach described in the previous section and Materials and Methods. These datasets include seven cultured cells (35, (60) (61) (62) (63) (64) (65) and eight tissues (56, 66, 67) as detailed in Supplementary Table S1 . The processed data is available in Supplementary Table S3 . Several of the datasets are of the same or closely related cells or tissues but produced in different labs. Most were based on the protocols of Ingolia and colleagues (68) (69) (70) , except the human (35) and mouse (56) datasets analyzed in the previous section, which were prepared using a commercial version of the protocol (Epicentre ARTseq Ribosome Profiling Kit). This allowed us to control for the effects of experimental and inter-lab variability.
Translation efficiency of the CDS (CDS TE) was calculated as the number of ribosome footprints mapped to the CDS divided by the number of RNA-seq reads mapped to the corresponding full-length transcript (Supplementary Material, section 1.1). A linear regression model was then fitted to these datasets using CDS TE as the response variable and mRNA features as the explanatory variables (Supplementary Figures S1 and S2) .
Strikingly, the frequency of the leader EEJs was the only predictor which anti-correlates unambiguously with CDS TE and the strongest predictor in most of the datasets analyzed. Indeed, the leader EEJ correlation had the largest standardized regression coefficients in four out of seven, and three out of eight, cultured cell and tissue datasets, respectively ( Figure 3A and B, respectively). These results suggest that the signal from such a strong predictor outweighs noise.
We considered possible confounding variables, for example, many mRNAs with leader EEJs or uAUGs have long mRNA leader sequences (Supplementary Figure S3 , class i and iii versus class ii and iv). A previous study had shown that the time required for ribosome preinitiation complex to scan for the main initiation codon increases with the mRNA leader length (71) , which might affect the translation rate observed here. Therefore, we further re-analyzed data subsets with similar leader lengths. In these matched sets, the leader EEJ remained the strongest predictor except for the brain tissue data (Supplementary Figure S5) . Such an anticorrelation between the leader EEJ and translation has not been reported before.
Overall, the other strong predictors were more consistent, but the weak predictors were more noisy ( Figure 3A and B, and Supplementary Figure S5) . The second most consistent and strongest predictor was the frequency of uAUGs, followed by the lengths of mRNA leader and CDS. Interestingly, several other mRNA features examined were weaker predictors of translation: (i) the length of the uORF (with AUG initiation codon), (ii) Translation Initiation Site efficiency (TIS efficiency)--the experimentally determined effect of sequence context surrounding the AUG initiation codon (72), (iii) RNA structure in the mRNA leader--MFE estimated by RNAfold (41) normalized to leader length, (iv) RNA accessibility--the accessibility of the first 100 bases of mRNAs predicted by LocalFold (42) normalized to the length ( Figure 3A and B, and Supplementary Figure S5) . We found that uORF length associates weakly with translation rate, which is in agreement with a previous proteomic study (73) . In contrast to previous studies using reporter constructs (15, 72, 74) , the other well-known mRNA features also associate weakly with translation rate at the genome-wide scale.
The relationship between the distance from the EEJ to the main initiation codon and translation (CDS TE) was also examined ( Figure 3C , mouse liver data). CDS TE was higher with EEJs located less than 100 bases upstream of the start codon ( Figure 3C , left panel, inset, black line and red points). For mRNAs with CDS EEJs (blue points), CDS TE decreased slightly with increasing distance of the CDS EEJ to the start codon ( Figure 3C , right panel, blue line). Translation of mRNAs with both leader and CDS EEJs ( Figure  3C , right panel, red line) also varied with distance. These findings support the hypothesis that the location of EEJ is associated with translation.
Translation is the lowest for the mRNAs with both leader EEJs and uAUGs
The linear regression models in the previous section showed that translation decreases with increasing number of leader EEJs as well as uAUGs ( Figure 3A and B, and Supplementary Figure S5 ). We therefore divided and defined the mRNAs into four classes: class i, ii, iii and iv (Figure 4 and Table 1). Class i mRNAs harbor both leader EEJs and uAUGs (red). Notably, this is the largest class in the human genome (Table 1, 
35% of mRNAs). Class ii have leader EEJs but no uAUGs (green) (14%). Class iii have no leader EEJs but has uAUGs (blue) (20%).
Class iv are what could be considered as the 'typical' mRNAs--having no leader EEJs and no uAUGs (purple) (30%). In contrast to the conventional view that an mRNA leader would lack both leader EEJs and uORFs, we found that the mRNAs with leader EEJs and uORFs (class i) are the most abundant class of transcripts in the mouse and fruit fly genomes besides human (Table 1) .
Relative ribosome density of the mRNA leader to CDS, leader TE and CDS TE for the four mRNA classes were calculated ( Figure 4A , B and C, respectively). The TE of an mRNA region was calculated as the number of ribosome footprints divided by the number of RNA-seq reads mapped to the full-length transcript. Of all the species examined, the density ratio and leader TE of class i mRNAs were consistently the highest and significantly higher than those of class iii ( Figure 4A and B, P-values < 10 −51 ). In contrast, the CDS TE of class i mRNAs was consistently the lowest and significantly lower than that of class iii (Figure 4C , P-values < 10 −5 ). These results suggest that the leader EEJ may be associated with a strong expression of the AUG initiated (cognate) uORF but a weak expression of the mORF. Although previous studies have suggested that cognate uORF can reduce protein expression (73,75,76), such a relationship in conjunction with the leader EEJ has not also been reported to date.
We then compared translation of the mRNAs with leader EEJs (class ii) with that of typical mRNAs (class iv). Both mRNA classes lack uAUGs so translation at the mRNA leader must initiate at non-AUG codons. The density ratio and leader TE of class ii was consistently higher than that of typical mRNAs in all species ( Figure 4A and B, P-values < 10 −51 ), suggesting that leader EEJ may also be associated with non-canonical uORF (non-uAUG) translation. For the CDS TE, however, not all species had a concomitantly lower CDS TE ( Figure 4C ). The exception was zebrafish, in which the CDS TE of class ii was 1.2-fold higher than that of class iv (P-value < 10 −3 ). This may be due to the numbers of functional non-canonical uORFs (class ii and iv, non-uAUG) vary at the greater extent than canonical uORFs (class i and iii, uAUG) among the species.
Previous studies have found that the use of cycloheximide in Ribo-seq experiment can produce spurious reads mapped to the mRNA leaders, in particular in the Saccharomyces cerevisiae data (16, 77) . To investigate this possibility, we analyzed publicly available matched Ribo-seq datasets of human cells with and without cycloheximide treatment (HeLa cells) (78) . Our observations on these mRNA classes, in particular class i versus iii, were consistent regardless of cycloheximide treatment (Supplementary Figures S6 and S7) .
A limitation of the prior analysis is the use of a single reference annotation, thus all the biological material analyzed were assumed to have the same mRNAs, in particular the transcription start sites (TSS). However, it is known that some mRNA isoforms have identical CDS but different promoters and mRNA leader sequences, which is challenging problem for assigning ribosome footprint at the mRNA isoform level (17, 40) . The TSS (79) and splicing (80) may be cell type-and tissue-specific, and changed dynamically in different physiological states (81) . To address this issue, we first assembled the transcriptomes of each cell type using the matched RNA-seq datasets from Ribo-seq experiments using Cufflinks ab initio (81) (detailed in Supplementary Material, section 2.2). The TSS were precisely adjusted using the relevant ENCODE/RIKEN CAGE (Cap Analysis Gene Expression) or RAMPAGE (RNA Annotation and Mapping of Promoters for the Analysis of Gene Expression) datasets (79, 82, 83) . To avoid ambiguity, the TSS nearest to the main initiation codon were chosen and only the genes with a single mRNA leader variant were analyzed (Supplementary Table S4 ). These allow unambiguous grouping of genes into classes. Our observations on these classes, in particular class i versus iii, were consistent with the prior analysis (Supplementary Figure S8) .
Protein expression is the lowest for the genes with both leader EEJs and uAUGs
To examine if protein expression is also the lowest in class i mRNAs, we did shotgun proteomics in parallel with RNAseq using a different human cell line (HepG2; hepatocellular carcinoma). This is a pulsed SILAC experiment in testing cellular response to iron (manuscript in preparation, Materials and Methods). We then estimated the abundance of pre-existing proteins (unlabeled) at the gene level using IBAQ approach. Next, we estimated the abundance of mRNAs at the gene level from the control RNA-seq datasets using Salmon (39) . Only the proteins supported by at least two or more high confidence peptides and a gene expression unit of 10 TPM (Transcripts Per kilobase Million mapped reads) were used for further analysis. In addition, we analyzed previously published, post-processed proteomic and matched RNA-seq datasets on human (HeLa cells) (84) , mouse (NIH3T3 cells) (85, 86) , and zebrafish (24 h embryo) (87) as listed in Supplementary Table S1 . The processed data is available in Supplementary Table S5 .
Indeed, as predicted from the results in Figures 3 and 4 , the class i genes (with both leader EEJs and uAUGs) have the lowest protein level and TE, which were significantly lower than that of class iii ( Figure 5A and C, and Supplementary Figure S9A and C, P-values < 0.05). The class i mRNA level was also the lowest, but not significantly different to that of class iii ( Figure 5B and Supplementary Figure S9B) . It was notable that both the translation and steady state protein level for class i were consistent lower than class iii in all datasets analyzed, regardless of species, technologies, methodologies, and other sources of variation.
From the genome-wide, multi-omic data presented here, the 5 UTR introns of class ii genes correlate inconsistently with the translation rate and protein level (Figures 4 and 5 , and Supplementary Figures S8 and S9) . However, previous studies have found that adding a single 5 UTR intron to specific constructs enhances gene expression (4, 8, 9, 51, 55) . It is likely this effect is mainly due to transcriptional enhancement, but at least in part, it is due to translation (6) . This discrepancy in the genome wide analyses may be because most genes have multiple introns and complex regulation, in contrast to the constructs commonly tested with a single intron.
Previous studies have shown that uORF translation could trigger NMD of the transcripts (12,13,15) . The low level of Figure 4 . EEJ, exon-exon junction; IBAQ, Intensity-Based Absolute Quantification; n.s., not significant (P-value > 0.05); TE, translation efficiency (ratio of protein to mRNA); TPM, Transcripts Per kilobase Million mapped reads; uAUG, upstream AUG. The processed data is available in Supplementary Table S5 . Also see the related Supplementary Figure S9. class i mRNAs may be due to NMD, and therefore resulted in a low protein level. We analyzed a list of mRNAs targeted by UPF1 (a key regulator of NMD pathway) in HeLa cells determined recently (88) . Notably, the NMD targets were distributed proportionally across the mRNA classes (Supplementary Table S9 ). For example, there were 33% and 18% of class i and iii mRNAs subjected to NMD, respectively, which were comparable to their respective abundance (Table 1, 35% and 20%, respectively) . The results suggest that uORF containing mRNAs (class i and iii) are not enriched as NMD targets.
Ribosome footprints on the uORFs of the mRNAs with leader EEJs show strong triplet periodicity
A known issue in some Ribo-seq data is contamination with RNA-seq fragments (16) . To exclude this possibility, we took advantage of the observation that genuine ribosome footprint profiles show triplet periodicity (19, 20) , rather than being random pieces of mRNA. This triplet pattern of translating ribosomes should be clear in both uORFs and mORFs.
The uORF annotations (Materials and Methods) were used to examine the triplet periodicity of ribosome footprints on uORFs. Notably, nearly two-thirds of previously identified mouse uORFs (19) were class i uORFs ( Figure  6 and Supplementary Table S7, uAUG with leader EEJ). In the mouse liver data, the metagene ribosome profiles of class i uORFs showed a strong triplet periodicity, comparable to that of mORFs ( Figure 6 versus Figure 2A , right panel). This was also observed in the human HeLa ribosome footprints using different sources of uORF annotation (Supplementary Figure S10 and Table S7 ). Further examination of the periodicity of ribosome footprints showed that uORFs are also being translated in the other mRNA classes. For example, the uORFs of Eef2k, Polr1d and Sdc1 indeed have clear triplet periodicity (representing class ii, iii, and iv, respectively, in Figure 6 ). However, the translated uORFs were predominantly class i uORFs.
An example of class i uORF is shown in Figure 6 : the well-studied uORF of Ddit3 (89,90) (DNA damageinducible transcript 3 protein) that was actively being translated rather than the mORF. Ddit3, or better known as CHOP, is a multifunctional transcription factor that is transiently expressed in response to endoplasmic reticulum stress (91, 92) . Other genes in this class such as Atf4 and Eif5, are also well-characterized as having regulatory uORFs (15, 62, (93) (94) (95) . As both human and mouse cells have widespread translation of class i uORFs, we postulated that many uAUGs and leader EEJs may be juxtaposed for a regulatory function.
Juxtaposition of the uAUG and leader EEJ is evolutionarily conserved
To investigate relative positions of the uAUGs and leader EEJs, human and mouse orthologs were compared. To avoid ambiguity, only one-to-one orthologs with a single leader EEJ and/or uNUG were used (Supplementary Table  S8 ). Firstly, the positions of the leader EEJs are conserved in 38% of the orthologs ( Figure 7A) . Secondly, the juxtapositions of the uAUGs and leader EEJs are as conserved as that of the uAUGs and main initiation codons (27% and 24% conserved, respectively). Thirdly, the juxtapositions of the uAUGs and leader EEJs are significantly more conserved than that of the near-cognate triplets and leader EEJs Nucleic Acids Research, 2018, Vol. 46 , No. 9 4585 (both Fisher exact and one-sided chi-square tests, P-values < 0.05). Some examples of these are Cnot3 and Eif4g2 orthologs ( Figure 7B and C, respectively), with strong ribosome peaks at their uAUGs. Overall, these results suggest that these uORFs in combination with leader EEJs are evolutionarily conserved features and likely to have inhibitory functions.
Splicing of the leader exons is complete
Incomplete splicing of the mRNA leaders (intron retention) could also confound these results, although this was controlled by using matched RNA-Seq data (above). To address splicing, we calculated the completeness of slicing using the completed Splicing Index (coSI) in an independent HeLa RNA-seq dataset (96) (Figure 8A ). This dataset also has relevant matched iCLIP datasets ( Figure 8B) . We compared the coSI of the leader exons with all the other exons. Both types of exons showed a similar proportion of completed splicing ( Figure 8A , 40% at a coSI of one).
As a result of splicing, the exon junction complex (EJC) is deposited 20-24 bases preceding the EEJ (11, 13) . It was previously shown that the EJCs and their positions affect translation (11) (12) (13) . We therefore examined the presence of MLN51 (a key EJC core protein) surrounding the leader EEJs and all the other EEJs using the iCLIP dataset from the same study (96) . Canonical EJC deposition sites were observed in both types of EEJs ( Figure 8B ), which are consistent with the coSI results ( Figure 8A) .
The relative position of junctions and uORFs may be important ( Figure 7A) . If the leader EEJ is located upstream of the uAUG or not far downstream, a preinitiation complex may first contact the EJC before initiating. To explore these possibilities, we analyzed the class i uORF translation using the same Ribo-seq datasets used for linear regression analysis (Supplementary Material, section 3). To avoid ambiguity, only the class i mRNAs with a single leader EEJ and uAUG were analysed. uORF translation was expressed as normalized ribosome profile: sum of the ratio of ribosome profile to mRNA profile at the single nucleotide level, and divided by uORF length (Supplementary Material, equation in section 3). The class i uORFs chosen did not overlap with the mORFs.
For all the datasets analyzed, uORF translation increased in close proximity to the leader EEJ (∼200 bases) and peaked around the co-location point of the EJC and uAUG (Supplementary Figure S11A , red dotted line, and Figure  S11B , blue lines). These results suggest that the uAUGs located around the EJCs may initiate and translated better, as the nearby EJCs may interact dynamically with the ribosome preinitiation complexes to promote initiation (97). A similar relationship was also observed for the mORFs (Figure 3C, right panel) .
In addition to the EJC, a dynamic mark on the mRNAs that could modulate translation is m 1 A (N 1 -methyladenosine) RNA modification, which is commonly present at the 5 end of mRNAs (98) . Therefore, previously reported m 1 A modification sites were analyzed (98) . Strong signals of m 1 A modification were found at −88 position of the leader EEJs ( Figure 8C ), similar to that of all the other EEJs, further supporting some possible regulatory roles of the leader EEJs.
Concluding remarks
Overall, our cross species and multi-omic analysis has shown that the position of EEJ in the mRNA leader is associated with a site of translation initiation. When translation starts at cognate (AUG) uORFs, in particular for those mRNAs with leader EEJs (class i), protein expression is significantly lower than those without leader EEJs (class iii). Based on these findings and previous work, here we present two possible models.
The first model is motivated by an evolutionary perspective. Introns are distributed unevenly along genes as a result of purifying selection (Figure 1 ). In particular, 5 UTR introns and some flanking sequences are maintained because they may contain regulatory sequences controlling gene expression (51, 53, 99) . A common regulatory element is a uORF. Therefore, the leader EEJs and uORFs are frequently juxtaposed ( Figure 7A ). The frequency of leader EEJs is a strong predictor of lower mORF translation (Figure 3A and B, and Supplementary Figure S5) , which may be due to the co-occurrence of nearby regulatory elements such as uORFs and RNA structures. The leader EEJs in conjunction with uORFs predict the lowest translation rate of the mORFs (Figures 4 and 5 , and Supplementary Figures S8 and S9 ), which may be because these uORFs are likely more inhibitory than the other classes of uORFs.
In an additional model, we postulated that a mark(s) is retained on mRNAs after splicing and nuclear export, which modulates such translation events in the cytoplasm ( Figure 9 ). mRNAs can be marked in several ways in the nucleus which subsequently affects cytoplasmic events (11, 13, 98, (100) (101) (102) (103) (104) . These marks may be covalently or noncovalently bound, be persistent, or dynamic. Well-established persistent covalent modifications are the 5 -m 7 G-cap (5 -7-methylguanosine cap) and poly(A) tail--marking the two ends of most mRNAs. These two persistent marks dictate the fate of mRNAs, in particular in nuclear export, translation and stability. Notably, recent groundbreaking high-throughput studies have mapped dynamic epitranscriptomic marks, in particular methylated adenosine, on some mRNAs (98, 100, 101) . One recent study showed that m 1 A modification occurs predominantly at the 5 end of mRNAs, in particular the downstream of first EEJ (98) . Our analysis also showed that the peak of this modification in the mRNA leaders is prior to the leader EEJs ( Figure 8C ). This modification correlates with an increase in mORF translation and is consistent with the uORF translation data presented here.
A more well-established possibility for the mark at the leader EEJ is the exon-junction complex (EJC). The EJC is deposited 20-24 bases precedes almost every EEJ after splicing (11, 13, 102, 103) . The EJC contains four core proteins (MLN51, Y14, Magoh and eIF4A4) and accessory proteins. The EJCs remain bound to the mRNAs after nuclear export. Thus, the mRNAs in the cytoplasm retains a 'memory' of the splice junctions (11, 105, 106) . Several EJC components have been previously shown to enhance translation in the cytoplasm, in particular MLN51, a translation activator that binds to eIF3 (11, (107) (108) (109) (110) (111) (112) . Our analysis of MLN51 binding site data showed that these sites were bound before the leader EEJs ( Figure 8B ). Although the EJCs are removed during the pioneer round of translation (113, 114) , it is possible that the interaction between MLN51 and eIF3 persists for the subsequent round of translation (11) .
There are at least two proteins that link the EJC to translation initiation, which may in part explain why the translation rate peaks around the co-location point the EJC and initiation codon: PYM (Partner of Y14 and Magoh) and SKAR [S6 kinase 1 (S6K1) ALYREF-like] (11, 97) . During the pioneer round of translation, a ribosome preinitiation complex may interact with PYM, which promotes translation initiation and disassembly of EJC (112, 114) . Whereas SKAR interacts with the EJC core protein eIF4A3 to promote the pioneer round of translation initiation for a subset of mRNAs, which are regulated by the mammalian target of the rapamycin complex 1 (mTORC1)-S6K1 signalling pathway (115) . In general, this mTORC1 pathway is promoted by growth factors but inhibited by stress (116) . In future, it would be interesting to compare the translation events of the CBC-bound and eIF4E-bound mRNAs using Ribo- seq, in order to understand the effects of EJCs on the pioneer round and steady-state of translation, respectively.
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